Hybrid organic/inorganic semiconductors feature complex lattice dynamics due to the 'softness' arising from non-covalent bonds between molecular moieties and the inorganic network, and due to the ionic character of the crystal. Such complex lattice motion has profound consequences on the fundamental character of primary photoexcitations with respect to purely covalent semiconductor crystals. the coexistence of diverse excitonic resonances in a prototypical two-dimensional lead iodide perovskite, each with a distinct degree of polaronic character. By means of high-resolution resonant impulsive stimulated Raman spectroscopy, we address the coupling of both charge carriers and excitons to low-frequency optical phonons (those with frequency 50 cm −1 ). Employing density functional theory calculations, we assign the observed coherent vibrational modes to various phonons involving motion in the lead-iodide layers. We find that different excitons induce lattice reorganizations with distinct degree of similarity to those involving charge carriers. Our conclusions provide a novel perspective of the energetic/configurational landscape involving globally neutral primary photoexcitations in a broad class of emerging hybrid semiconductor materials.
Hybrid organic/inorganic crystalline materials feature molecular interfaces across which the vibrational spectrum changes abruptly, since localized high-frequency vibrations may dominate in the organic molecular components, and lower frequency phonons may play a crucial role in the extended inorganic network. This makes the hybrid crystalline lattice highly dynamic, and with the distinct ionic character of many hybrid materials, strong electron-phonon coupling and dynamic disorder effects can define the materials properties. [1] [2] [3] An important contemporary example is the case of hybrid organic-inorganic metal-halide perovskites (HOIP), BMX 3 (e.g. B = CH 3 NH 3 , M = Pb, X = I). These materials are now considered realistic semiconductors for photovoltaic, light-emitting, and other related optoelectronics technologies. 4, 5 It is argued that charge carriers in these materials display characteristics of large polarons 1,6-8 -a charge bound to a long-range lattice deformation due to mutual Coulomb interactions -with this character defining their scattering and recombination rates, 1, 9 as well as their mobilities. 8 While such polarons may be the primary photoexcitations in bulk (three-dimensional) hybrid perovskites, in two-dimensional HOIP analogues A 2 B n-1 M n X 3+n (e.g. A = C 4 H 9 NH 3 , B = CH 3 NH 3 , M = Pb, X = I, n 3), strong quantum and dielectric confinement effects within metal-halide lattice planes separated by the templating cation A give rise to strongly bound Wannier-Mott excitons, 10, 11 and as such can be broadly understood in a similar vein to those in semiconductor quantum wells or other strongly quantum-confined two-dimensional semiconductors. 12-14 Strong excitonic properties, which can be readily tuned by the nature of the organic cation A, 15 are the basis for growing enthusiasm for their implementation in photovoltaic and light-emitting optoelectronic technologies. 16, 17 However, unlike in semiconductor quantum wells, exciton lineshapes display rich spectral structure that depends sensitively on the degree of lattice distortion imposed by the organic cationic ligands A used to template single inorganic layers. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] This structure has been mostly attributed to exchange interaction effects, but we have previously proposed that it is indicative of the hybrid nature of the exciton. 35 We have invoked a general framework of a delocalized Wannier exciton but with substantially large coupling with local lattice vibrations. We have thus modelled four distinct, non-degenerate excitonic transitions, spectrally separated by multiples of about 35 meV from each other.
Such a hypothesis would imply that the nature of lattice coupling is distinct for each of the excitonic states, since they reflect distinct polaronic character.
A direct optical probe of polaronic effects on the nature of excitons would be resonance-Raman spectroscopy. 36 However, a high photoluminescence background in these materials obscures the relatively weak Raman signal, making such a measurement a practically challenging task. Here, we find direct and unambiguous evidence for this hypothesis by implementing a time-domain measurement in which we generate and detect coherent lattice motion via impulsive excitation with a femtosecond optical pulse. 37-40 By means of high-resolution resonant impulsive stimulated Raman spectroscopy, [41] [42] [43] we establish that polaronic effects result in distinct non-degenerate excitonic transitions with distinct coupling to low-frequency phonons. We employ sufficiently long pulses with narrow spectral bandwidth to selectively capture low-energy phonons with frequency below 50 cm −1 . We show that one of the excitonic transitions exhibits lattice coupling similar to that of free carriers in the band-continuum, while the higher energy exciton samples a distinct lattice configuration unlike that coupled to photocarriers. We find that the coupling of carriers to lattice degrees of freedom is stronger than that for excitons in general, which we rationalize by the ionic nature of the crystal. Nevertheless, different excitons with common ground state and with distinct polaronic character coexist in this class of materials. These observations are unexpected, and are fundamentally central to the general understanding of the role of complex lattice dynamics in establishing the nature of many-body photophysics in hybrid, ionic semiconductors. This fundamental property of excitons in ionic, hybrid semiconductor lattices represents a new set of challenges and opportunities for the theoretical condensed-matter and materials physics communities.
RESULTS
We focus on a prototypical single perovskitoid layer system, (PEA) 2 PbI 4 (PEA = phenylethylammonium) because we have previously reported high-quality temperaturedependent structural data, 33 and because we have thoroughly analyzed its temperaturedependent absorption lineshape. 35 The absorption spectrum spanning the exciton resonances in a polycrystalline thin film, measured at 5 K, is shown in Fig. 1 (a) and the representative crystal structure is depicted in Fig. 1(b) . The absorption spectrum is characterized by very well defined excitonic structure, at about 200 meV below the conduction band edge, with a characteristic lineshape composed of two dominant transitions at 2.37 and 2.41 eV, labeled A and B, respectively, in Fig. 1(a) , and two additional peaks with the same energy spacing above and below these two main peaks, with much lower oscillator strength and mainly discernible by representing the spectrum on a logarithmic scale. 35 We have carried out transient absorption measurements to extract the vibrational coherences that are the focus of this work. The pump-probe spectrum obtained by pumping into the conduction band at 3.06 eV with a ≥ 220-fs laser pulse train, plotted as the differential transmission (∆T /T ) signal as a function of pump-probe delay, is shown in Fig. 1(c) . These excitation conditions generate an initial hot charge-carrier density within the conduction band. The spectra and dynamics follow the reported trends dominated by carrier thermalization and exciton-screening mechanisms. 44, 45 During the first picosecond, the differential transmission spectrum is composed of a strong negative feature across the A band and a positive feature at the B band. This lineshape is characteristic of a superposition of excitation-induced shift and broadening of the excitonic transition by many-body interactions along with the bleach of higher lying electronic states. 46 In a few picoseconds, the positive signal corresponding to the ground-state bleach gains in intensity, indicating carrier thermalization into the A exciton. The spectrum still contains the signatures of pump-induced spectral shifts induced by the substantial photo-carrier population over picosecond time windows. The low-energy negative feature below 2.3 eV can be attributed to the excited-state absorption from the exciton to mutli-particle states, which we have previously identified by means of two-dimensional coherent excitation spectroscopy. 33
In addition to the population dynamics, we observe a periodic modulation of the differential transmission signal, particularly strong in the spectral region that corresponds to absorption of A exciton. The oscillatory components can be clearly seen after subtracting the population dynamics (phenomenologically approximated as twelfth-order polynomials) at all detection energies as shown in Fig. 1(d) . We identify these as the signatures of coherent phonons generated via resonant impulsive stimulated Raman scattering (RISRS) induced by the ultrashort pump pulse. 41 When the duration of the pulse is much shorter than the period of Raman-active low-frequency vibrations, Raman interactions generate an impulsive force on the lattice driving its coherent motion. 41 This modulates the dielectric permittivity at the frequency of the lattice motion, which can be detected as the oscillatory component of the differential transmission signal.
As shown in Fig. 1 (e), at higher temperatures the coherent oscillations not only dephase faster due to phonon-phonon scattering, 47 but they also exhibit reduced modulation depth.
The latter can be attributed to the presence of strong dynamic disorder, especially above 100 K as we have demonstrated previously. 33 While the temperature dependence is intriguing and indicative of complex lattice behaviour, our motivation here is to employ the observed phonon coherences as a probe of the polaronic character of the excitons. To that end, we only focus on the coherent phonon dynamics at 5 K in the rest of the manuscript. By Fourier-transforming the measured oscillatory response along the pump-probe time axis, we obtain a vibrational spectrum as shown in Fig. 2 , which is directly related to the resonance Raman spectrum. We identify five vibrational modes that we label M1 -M6, with peak energies reported in Table I . The Raman peaks display well-defined Lorentzian lineshapes with full width at half maximum ≤ 0.33 meV, as shown by the fit in Fig. 2 .
To properly discern the nature of coupling and to assign the observed energies to specific lattice vibrations, we calculated the vibrational normal modes by using density functional theory (DFT) calculations within the harmonic approximation. The lattice structures considered for the analysis are obtained via X-ray scattering measurements that are reported elsewhere. 33, 48 The DFT calculations do not yield negative vibrational frequencies at the Γ point, hence indicating that the crystalline structure used to model PEA 2 PbI 4 is a real minimum of the potential energy surface (the full list of computed vibrational frequencies is reported in the Supplementary Information). The electron-phonon coupling is estimated by displacing the crystalline structure along the normal mode (Q i ) and evaluating the corresponding variation of the single particle electronic band gap (E g ). For each normal mode Q i in the energy region of interest, we find linear relationship between the displacement and the band gap (i.e. linear electron-phonon coupling regime) and calculate the relaxation energy λ i as: 49,50
where α i is the curvature of the ground state potential energy surface along the Q i normal mode of vibration. Among all normal modes below 8 meV, our calculations nicely identify a few with frequency similar to those showed in Fig. 2 and associated with sizable relaxation energy (few meV), i.e. coupled to bandgap excitations. In Table I , we compare the experimental vibrational frequencies with those obtained from DFT, together with a description of the characteristic atomic displacements. The agreement between calculation and measurement is remarkable, especially considering the inherent difficulty in computing normal-mode vibrations at such low frequency, where anharmonic effects can play a significant role. 51
The lattice motion corresponding to each of these modes is pictographically represented in Fig. 2(b) , and is also available as animated files available as Supplementary Information.
As previously demonstrated in other lead-halide hybrid materials, the identified modes in this energy range correspond to the motion of the lead-iodide network. 52-54 All the modes have contributions from rotation of the octahedra along the two pseudocubic axes of the inorganic sheet. With increasing energy, we also find additional contributions from the I-Pb-I bendings and I-Pb stretching or octahedral rotations orthogonal to the inorganic sheets (represented as the scissoring mode), indicative of the larger stiffness of these co-ordinates.
The nature and energy of some of these modes are strikingly similar to those reported for three-dimensional perovskites based on experimental 2,52,54-56 as well as theoretical 53 inves- With our high-precision Raman spectra such as that displayed in Fig. 2 and the corresponding mode assignments reported in Table I , we now demonstrate contrasting coupling of the lattice to the two most intense excitonic transitions A and B, and also to photocarriers.
We repeat the experiment by tuning the energy of the pump pulse to generate the excitation profiles of each of the identified Raman modes. 57 Fig. 3(a) shows the excitation profiles of modes M1 and M2 plotted along with the linear absorption spectrum. Due to the resonant excitation, the RISRS driving the coherent lattice motion is enhanced for those ground-state vibrational coherences that are strongly coupled to the electronic transitions. 41,58 This is clearly observed as a monotonic increase of the intensity of both the modes in the excitation spectra when the excitation energy is tuned to higher energies into the carrier continuum, at pump energies ≥ 2.56 eV. The photon-flux at each excitation energy is kept constant to directly correlate the mode intensity to the absorption cross-section. integrated spectra across all the detection energies.
In the cases of the free-carrier excitations, we observe identical vibrational coherences with the dominant signal at modes M1 and M2. While the resonant excitation of exciton A reveals predominant coupling to mode M2, excitation of exciton B displays strikingly different vibrational spectral structure. As evident in Fig. 3 (g), we observe more intense signals at mode M6 and M4 along with diminished intensity of mode M2. These observations suggest rather distinct lattice couplings exhibited by each of the exciton states.
Another important observation from the beating maps is the non-uniformity of the amplitude across the detection energy axis for different excitation energies. For instance, the free-carrier excitation beating maps reveal dominant signal only at the detection energies around the exciton A absorption resonance.The amplitude spectrum has a characteristic dual-peaked lineshape with a dip at the peak energy of exciton A, 38,58 indicated by dashed lines in the beating maps. Importantly there is no notable signal at the energy of exciton B, which is indicated by dotted lines. The only exception to this is the case shown in Fig. 3 
where most of the signal is present around the energy of exciton B. This data corresponds to resonant excitation of exciton B, and establishes that the vibrational coherences associated with this transitions differ to those due to exciton A, as well as those generated by photocarriers. We employ this intriguing observation as the key evidence in this work to differentiate the polaronic character of each of the excitons and that of a free-carrier excitations.
DISCUSSION
The fundamentally important question that motivates this work is: what is the role of polaronic effects on excitons in HOIPs with reduced dimensionality? Given the strong polaronic effects on charge carriers in bulk perovskites, it is not obvious how these might be imprinted on excitons, especially given the extraordinarily high binding energies of ∼ 10 k B T at ambient conditions. 14,15 Given that many-body excitonic correlations in these materials are strong in spite of formidable dynamic disorder, 33 it is a priori not evident how consequential polaronic effects are on excitons in derivatives with reduced dimensionality.
We begin by discussing the nature of the observed lineshapes by comparing the amplitude spectra obtained by taking horizontal cuts of the probe-energy-resolved beating maps from different cases in Fig. 4 . We first consider the cases of exciton A in Fig. 4(a) and that of exciton B in Fig. 4(b) . Given that M2 and M6 are the dominant vibrational modes in these two cases, we plot the amplitude spectra taken at those energies. The lineshapes By pumping exciton A, we can infer that its PES is displaced strongly along the normal coordinate defined by the phonon at M2, with a relatively more limited displacement along all the other co-ordinates, as represented by the blue PES shown in Fig. 4(c) . The absence of any modulation at the energy of exciton B in this case is a surprising observation that suggests the relative immunity of exciton B to the wavepacket dynamics along the co-ordinate defined by the normal mode M2. This is duly supported by the amplitude spectra shown in We highlight that the PES associated with exciton A is also displaced, albeit slightly, along the coordinate axis associated with M1, as evident from the amplitude spectra shown in Fig. 4(d) and represented schematically in Fig. 4(f) . The PES of a photocarrier (Fig. 4(f) ),
on the other hand, shows much more significant displacement along both M1 as well as M2, which can also be observed in the relatively higher intensity for these modes when the pump is tuned to the carrier continuum (see Fig. 3 ). This suggests that the photocarrier induces substantially larger lattice reorganization than the two excitonic excitations. This can be rationalized by considering the ionic nature of the perovskite lattice, which is subjected to stronger Coulomb potential in the presence of charged photoexcitations, 62 in contrast to a globally neutral excitonic quasi-particle. 
METHODS

Sample preparation
For the preparation of (PEA) 2 PbI 4 thin films (PEA = phenylethylammonium), the precursor solution (0.25 M) of (PEA) 2 PbI 4 was prepared by mixing (PEA)I (Dyesol) with PbI 2 in 1:1 ratio in N,N-dimethylformamide(DMF). For example, 62.3 mg of (PEA)I and 57.6 mg of PbI 2 were dissolved in 500 µL of DMF (anhydrous, Sigma Aldrich). The thin films were prepared by spin coating the precursor solutions on fused-silica substrates at 4000 rpm, 30 s, followed by annealing at 100 o C for 30 min. The extensive structural characterization of these films are reported in our earlier works. 33,35
Ultrafast differential transmission measurements
Differential Transmission spectroscopy measurements were performed using an ultrafast laser system (Pharos -Model PH1-20-0200-02-10, Light Conversion, Lithuania) emitting 1030-nm pulses at 100 KHz, with an output power of 20 W and pulse duration of ∼220 fs.
Pump wavelengths in the spectral range 360-2600 nm were generated by feeding 10 W from the laser output to a commercial optical parametric amplifier (Orpheus, Light Conversion, Lithuania), while 2 W are focused onto a sapphire crystal to obtain a single-filament whitelight continuum covering the spectral range ∼490-1050 nm for the probe beam. The probe beam transmitted through the sample is detected by an imaging spectrograph (Shamrock 193i, Andor Technology Ltd., UK) in combination with a multichannel detector (256 pixels, 200-1100-nm wavelength sensitivity range). Energy densities used vary in the range 25-1100 nJ/cm 2 , most of the measurements were carried out at 215 nJ/cm 2 ; with a typical spot diameter of 1.9 mm estimated at the 1/e 2 plane). All measurements were carried in a vibration-free closed-cycle cryostation (Montana Instruments).
Density functional theory calculations
The calculations have been performed by adopting periodic boundary conditions and localized atomic basis set as implemented in the CRYSTAL17 program. 65 The computational set-up consists of double split quality basis sets which include polarization, along with the PBE functional for the description of the exchange-correlation. 66 An automatic 4x4x1 sampling of the first Brillouin zone was selected, 67 where the less dense sampling is related to the direction associated to the inorganic-sheet stacking, in the reciprocal lattice. The Grimme-D2 approach was included, to improve the description of the atomic forces between the organic cations. The SCF accuracy has been increased to 10 10 Hartree, to obtain accurate interatomic forces. This computational set-up has been already tested for the parental 
Supplementary information for Phonon coherences reveal the
COMPLETE DATASETS
In this section, we present an extended version of our dataset including pump energy, temperature and power dependent measurements. These measurements correspond to those presented in the main text. The detection energy dependence of the observed mode is very similar to that predicted by the modulation of the dielectric permittivity by vibrational wavepacket dynamics induced by the pump pulse. The symetric lineshape with a node at the peak of the electronic resonance accompanied by a phase-shift has been previously observed in many systems such as single walled semiconducting carbon nanotubes [1] .
To verify to which extent this simple model is applicable to this complex system, we follow the work of Kumar et al. [2] . Their approach separates the density matrix into the signal is averaged across an Gaussian profile of given width, another free parameter in our model.
To obtain the complex lineshape from which stem these calculations, we use the displacements and relative electronic amplitudes obtained previously from the fit of a modified twodimensional Eliotts formula [3] . Distinct electronic transitions are treated as inhomogeneous broadening and are not considered to be coherently coupled. This is a flaw of this simple model, as previous two-dimensional coherent excitation spectroscopy have shown these to be coherently coupled. As shown below in figure S11, the agreement between the obtained lineshapes and the absorption spectra is far from perfect, due to the different lineshapes used here (Lorentzians) and in the modified Eliotts formula (secant-hyperbolic functions).
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